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ABSTRACT 
An a~~lytical study of the top chord of the Khor Mog Bridge, a 
'\ 
half through-truss structure, is presented herein. 
In addition to standard analyses performed on plane truss and 
plane frame models, the compression member was analyzed as a beam-
column supported on f~rmediate elastic supports. Lateral bending 
--
stresses derived by the beam-column method reduced the rating of the 
top chord from Cooper E-84 for the plane truss analysis to E-77. 
A study of increasing loading on the railway structure shows 
that lateral bending stresses do not . increase linearly with 
increasing live load. The overall effect of the lateral bending 
stresses is, however, reduced by their low magnitude relative to the 
axial stresses • 
A highway bridge was analyzed to determine the magnitude of 
lateral bending stresses on a structure comprised 
I 
I 
' 
of lighter 
sections. Compared to the railway structure, the ·· 1latetal bending 
stresses in the highway bridge were found to be a higher percentage 
of 'the total live load stresses. 
bridge rating by a~proximatelj 25%. 
The net effect was to lower the 
A parametric study.of the highway btidge showed that the 
initial deflection of the top chord -had no effect on the final 
deflection due to live loading ... 
p.,' ,, ' ' ' ,, ,, ' '' ,· ' ,, .,, ,, ' ' 
1 
,. 
. 
' 
,,, 
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1. INTRODUCTION 
1.1 SUDAN RAILWAY STUDY 
A field study of five Sudan Railroad Bridges was undertaken by 
personnel from Lehigh University in the Spring of 1981. Transient 
strains due to existing rail traffic were obtained by field testing. 
This data, in conjunction with computer modeling, was used to 
I 
determine fatigue damage to bridge components to date and to predict 
the stress history needed to assess the remaining fatigue life of 
\ 
\ 
the critical components. This study was essentially completed in 
the Fall of 1981 • 
., 
One structure in the 1981 study was the Khor Mag Bridge, a 
bridge composed of nine identical simple half through-truss spans. 
I 
\ 
I 
Results of the fatigue analysis had proven that with r~habilitation 
of the stringers, the floor system is capable of supporting l1eavy 
rail traffic far into the future.( 9 ) However, an in-depth study of 
the reaction of the compression chord under greater loading was not 
within the original scope of work. 
1.2 SUPPLEMENTAL STUDIES 
In the Fall of 1981 a proposal was made to further study the 
. I 
l...... 
\ 
\ 
,---, 
truss . compression members on the Khor Mog Brid~e. The objectives of 
the st-udy are to ·oexamine the adequacy .. ,of the chord compon~nts 
• top 1n 
. . 
, .· . 
,,.., .. ., ... 
" 
... .. ..... . . ~-,i, 
• 
the half through-truss bridge under existing and projected train 
loads and to provide recommendations for necessary strengthening • 
....___ 
1.3 HISTORY AND DESCRIPTION OF THE KHOR MOG BRIDGE 
The Khor Mog Bridge was built by the Sudan Railways in 
1904-1905. The structure is located at Port Sudan on the branch 
that connects Atbara with the Red Sea, at km 781.688 from Khartoum. 
The bridge carries a single track 106.84 cm gauge railway and 
consists of nine simple 32 m~truss spans of the earliest design of 
the Sudan Railways. All spans are of the half through-truss design. 
The bridge was modified several times since it was constructed. 
During 1935-37; the trusses were strengthened by welding a 381 x 
12. 7mm plate to the ·top· chords over the central 19. 66 m of each 
span.· In 1960, bracing was bolted to the bottom of the floor 
system. A plan and elevation of a typical span of the bridge is 
shown in Figure 1. 
All members, except bracing members and diagonals, are riveted 
built-up members. The diagonals were designed as tension members 
(counters) and consist of two parallel plates with no connecting 
components. Cross sections depicting the components of the top 
, 
chords, bottom chords, stringers, floorbeams and hangers are shown 
l 
'., 
.-· 
in Figure 2. Section properties of all members are g_iven in Table 
1 • 
3 
- ; 
) 
,, 
,, 
·' 
\ 
_, 
,· 
1.4 FIELD TESTING 
Full-scale field testing of the Khor Mog Bridge was undertaken 
as part of the original study. On January 24, 1981, the third span_ 
from the Port Sudan end of the bridge was instrumented with 
electrical resistance strain gauges. These were placed at sixteen 
locations on the structure, however, only one was placed on the top 
chord. This gauge was located on the longitudinal centerline of 
member U4U4, therefore, it measured only the axial compressive 
strain in that member. / 
Field testing was carried out on February 2, 1981. A train, 
consisting of two GE engine class 1819 locomotives, was run over the 
structure northbound and southbound for a total of eleven passes. 
On Ofie subsequent pass, the train was stopped on the bridge with its 
center of gravity at midspan in order to determine reactions due to 
static (no impact) loading. Axle spacing and loads associated with 
' 
the Series 1819 locomotive are showu in Figure 3. Refer to Table 2 
for a description of each test run. Figure 4 is a copy of the 
measured static stress-versus-time response for member U4U4 caused 
by the passage of the test train. The measured maximum stress in 
the member was recorded at 36.4 MPa and the root-mean-square average 
(9) 
was calculated at 35.0 MPa. , 
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The proposed additional study of this bridge was to include 
• 
further field testing with an emphasis on determining stresses in 
the top chord due to both the primary axial stresses and the 
.. 
secondary lateral bending stresses. This level of testing was never 
executed. 
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2. ANALYSIS 
2.1 GENERAL PROCEDURE 
The top chord members were analyzed to determine their capacity 
to carry existing and ft.ture, higher loadings. The structure was 
p lace<l under current maximum loading conditions and stresses were 
ca 1 cul ate d and compared to a 11 ow ab 1 e ·"~s tresses • · Then the top chord 
members were rated to determine the maximum li'{e load plus impact 
the structure can support without exceeding allowable stresses. All 
procedures, including calculations involving applicable loading and 
allowable stresses, were executed in accordance with the American 
Railway Engineering Association Specification, Part 7 Existing 
B 'd (1) ri ges. 
Maximum stresses with existing equipment are produced when the 
structure is loaded with two consecutive Series 1819 locomotives. 
These vehicles were used 
. 
1n the field testing conducted at the 
beginning of this project. 
2.2 RATING PROCEDURE 
The general procedure for rating a bridge member begins by 
determining the member stress capacity. This value would be its 
allowable stress. Dead load stresses are deducted from the tota1! 
_capacity to yield the capacity for live load. A standard live load 
,, ' ~ ' . 
is appli~d in a· location to produce .the maximum·stress in the member 
/'' . .:_.· 
• '"·' ' ~ • 4 •• 
\, 
/ 
6 
I 
\ 
,. 
, 
.... 
.. , 
I 
.. 
and impact forces are calculated as a fraction of the live load. A 
.. 
ratio of live load capacity to live load plus impact stresses is 
calculated to determine the actual weight of vehicle that would load 
the member to its allowable stress. 
(1) Allowable Stresses 
Allowable stresses for rating railroad bridges are defined in 
AREA Chapter 15 as follows: 
Axial compression [ksi] Fa - 1.091K - K/Fy kl 
37,300 r 
Compression due to bending [ksi] Fb - K - K Fy9 (rl~ 1.8 X 10 J 
where: K - 0.8 (Fy) for riveted members, 
Fy - 30 ksi for Khor Mog Bridge, 
k - effective length factor, 
1 - length of member [in], 
r - least radius of gyration [in], 
1 inch= 2.54 cm, 
1 ksi - 6.895 MPa. 
In addition, the following interactive equations must be 
satisfied: 
fa+ fb L- 1.0 
--
K Fb 
fa+ fb 
Fa -F-b~.-0---f-b ___ (_kr-l) 2 ~ 
288xl06 
1. 0 
(2) Dead Load 
Dead loads were calculated as the sum of. the weight of ~·au 
truss members, floorbeams, stringers and the track structure. Per 
. • -r 
standard railway pt·actit~., · the · weight of the - track structure. was .: 
. ..... ' 
. ' 7 / 
\ 
- . 
.. ~ ·. 
.. .- . 
,J 
taken as 2920 kN/m (200 plf) per track. To simplify calculations, 
and to facilitate solving by computer program, dead loads were 
applied as point loads at the lower truss panel points. 
(3) Live Load 
The standard live load vehicle for designing and rating 
rai 1 road bridges is the Cooper E load·ing. The Cooper E-80 design 
load is defined in AREA and is shown in Figure 5. 1"'he 1 i ve load 
applied to the structure for rating is 
~ 
generally a fraction of the 
standard design load such as E-10 (defined 
r- r ·-
s hav axle weights 
equal to 10/80 of those for the Cooper E-8 loading) 
(4) Impact 
Impact calculations for_ railroad bridges are determined f rorn 
long-standing AREA equations and are calculated as a percentage of 
the app]ied live loading. In rating railroad bridges the AREA 
specification formulae are applied to the top chord as follows: 
For L less than 80 ft I - 100 + 40 - 3L2 
S 1600 
For L 80 ft or more I - 100 + 16 + 600 
S L-30 
Where L = Distance center-to-center of truss bearings 
[ft], ~ 
S = distance between centers of t~usses [ft], 
1 ft= 0.3048 m • 
• • • 
.. 
, .. 8 
' 
• 
) 
0 
-- .... -.... -~- ....... ~·-···- --~· .. " 
I? 
• 
For the Khor Mog Bridge top chord, where the span length is 
( 
, .. · 3 2 • 0 0 4 m ( l O 5 • 0 f ti) and t he d i s t an c e be tween t r us s c e n t e rs i s 
4 . 
• 
5.1308 m (16.83 ft), impact is calculated to be 29.9%. 
While AREA impact formulae are considered conserv·ative, they 
are the standard in conducting railway bridge analyses. Because a 
more accurate analysis of impact forces on the compression chord is 
beyond the scope of this study, the AREA formulations will be used. 
; 
Should the structure be deemed incapable of safely supporting 
the existing live load plus impact, the applied im'p·act may be 
reduced in association with posting a speed l~mit at the bridge. 
The AREA-mandated reduction in the second and third terms of the 
impact equation for train speeds below 96.56 kph (60 mph) shall 
equal the factor 
1 - 0.8 60-s 2 ~ 0.2 
2500 
where S equals the speed in miles per hour (mph) and 1 mph - 1. 61 
kph. 
(5) Vehicle Rating 
-----
For the Cooper E loading ratings to have any meantng, all 
equipment to be used on the rail line must be assigned "a rating 
which defines the Cooper E loading that would produce an equivalent . 
.. • 
maximum stress on the member. A~l equip~en~· used on the structuie 
.. . - . , .. . . . . . ~ .. . .. . . """ ..,. ~ ... ' , .. 1..-.-• -·-· '.•' ,,,,' .. ~ ·1.,, •• _ .-, -~-· •. ' .. ,:. ............ . ... _._.. :~-· . ....,.. __ , l •' .... ~.: ...... ,-.-,.-, ,., -·-·1. ... I 
, 
must have a rating less than that of the governing bridge··iaeriiber.· 
9 
(/ 
····~,..,.. . 
··•·· ...,. .. 
< __ : .... '._,,y$._,·'. O ..... ,..... • ......... , • ..,, ', 0 0 RO> 
fl 
• 
' . 
(6) Critical Buckling Load 
Supplemental calculations for half through-truss ratings 
include determining the. critical buckling load for the compression 
members. One accepted procedure is described in Theory of Elastic
 
(13) 
Stability by ~imoshenko and Gere. 
In this method, the top chord is considered as a bar loaded 
with distributed axial loads and supported at the ends with hinges 
and a t in t e rm e d i~ t e po i n t s by e 1 as t i c s up po r t s • ;., The e 1 a s t i c 
restraint at an intermediate point is provided by the portal frame 
formed by the floorbeam and verticals. The result provided is the 
critical buckling load, which is the lowest axial force great enough 
to buckle the entire member. Typically, codes require the critical 
buckling load to be 50% greater than the 
. 
maximum calculated axial 
force under actual loading. 
Although the method is straightforward, consideration must be 
given to the approximations made .in its execution. The first 
approximation involves the loading, which is considered to be evenly 
distributed over the length of the span. Second, the weighte
d 
average of the section properties for the top chord, verticals and 
floorb~ams are used. 
' .. 
It seems apparent that errors due to the approximations 
.. :.deer.ease. as the truss span length,. and the·:j'corresponding -number· of 
panels, increases. 
10 
~ : 
.. :,';;_·''· :..,, 
: .1 ,; ' ~. ,'· ' ·• 
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• 
• 
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2.3 METHODS OF1ANALYSIS 11 
Three methods were used to analyze the structure. The first 
two analyses were conducted, on plane truss and plane frame models. 
In the third ana.lysis, the top chord was modeled as a beam-column on 
intermediate elastic supports • Brief descriptions of the three 
• 
methods are presented •. 
The most widely accepted method to analyze a truss is to assume 
all members are pin connected and can support only concentrically 
applied axial loads. This method is the least difficult and 
generally provides conservative results. While this holds true for 
the majority of trusses, this form of analysis may not provide 
conservative results for half through-trusses due to the neglected 
lateral bending stresses in the top chord members • 
A three dimensional frame analysis was made utilizing the SAP 
IV computer program. (6) Although the program is useful in more 
accurately determining axial forces in tJ1e top . chord members, it 
still provides only a first order analysis. In other words, the SAP 
analysis cannot recognize the lateral bending of the top chord under 
loading, therefore, true lateral bending stresses are not 
calculated. 
CJ" 
-~ ••• j • ,:. 
• 
11 ~v 
... 
.. 
. .
.. 
'\ 
., 
'-
-~ 
A literature search on the subject of lateral buckling of top 
members of half through-tru~ses uncovered several articles from the 
· Orltario Ministry of Transportation and Communications. In an early 
ar.ticle entitled "Lateral Buckling of Pony Truss Bridges··, a 
computer program is described that analyzes the top chord as a 
beam-column restrained by elastic supports at evenly spaced 
intervals. The program as described in this report is called 
"LATBUK", and listings of the main program are provided in the 
(8) 
report. 
Use of a modified program produces an analysis that considers~ 
the effect of deformation of the truss under loading and the 
additional effects of out of plane bending of an imperfect 
compression member. 
, . , 
Through the use of t~ip program, an analysis 
was performed considering both the effect of initial lateral 
deflection of the upper chord under loading and the additional 
stresses due to deflections of the intermediate elastic supports 
(web members) as the axial compressive force is increased. LATBUK 
was modified to accommodate AREA and AASBT0( 2 ) specifications and to 
perform rating calculations. The modified version of the program is 
entitled TCBUC, for Top Chord lateral BUCkling. 
2.4 ANALYSIS RESULTS 
(1) Plane Truss Analysis 
Influence lines were con8tructed for the top chord members to 
1J • 
facilitate calculation of maximum live load stresses under loading 
12 
I 
:r 
I 
.) 
......_..., .... 
,,, . 
• 
.. 
from various vehicles. The members were first analyzed and rated by 
' 
the most common procedure - influence lines were created by assuming 
all truss members were only capable of· supporting axial loading. 
Refer to Figure 6 for the plane truss influence lines • 
.. 
The critical buckling loading was determined to equal 17,800 
kN. The greatest axial load experienced in the top chord under 
service loads is 1880 kN for a factor of safety of approximately 
9.5. 
Allowable stresses were calculated for axial loading only. 
Following AREA specifications, the allowable stress for individual 
top chord components . varies from 150 MPa to 165 MPa. Allowable 
stresses for all top chord components are shown in Tables 3. 
Variations in allowable stresses from member to member are primarily 
a function of varying radii of gyration. 
The plane truss analysis was begun by loading the structure 
r,! 
.wi~h the Series 1819 locomotive set. Member stresses are presented 
) 
in Table 4. Comparing these maximum stresses with previously 
• 
calculated allowable stresses reveals that the top chord is 
presently understressed. 
"'---
--
.The truss wa·s) als.o loaded with the standard Cooper E-10 
. . 
.loadi.ag. · .,. R,e-sul~t~g .member -stre·SS·es .... and~- .ratings ... ~,by· .... this method are. ... ·· .. _. 
. ~ 
presented in Table S. The·.governing rating is E-84 in member U4U4. 
13 
... 
(2) Plane F~ame Analysis 
r 
The analysis was repeated substituting influence lines from a 
plane frame analysis (Figure 7) for the previously used plane truss 
influence lines. Maximum top chord stresses under Series ·1819 
\ 
locomotive loading, with the plane frame analysis, are presented in 
Table 6. The top chord members were also rated by this method 
resulting in a governing rat-ing of E-93. Refer to Table 7 for all 
top chord member ratings with the plane frame analysis. 
The allowable stresses for the plane frame analysis were 
identical to· those used in the plane truss analysis. This is 
because the influence lines were generated by a first order analysis 
and flexural stresses were found to be negligible. 
(3) Program TCBUC Analysis · 
The Khor _Mog Bridge top chord was then analyzed with the TCBUC 
-
computer program. Results from this analysis include both axial 
stresses and bending stresses for each top chord member. Both the 
axial and flexural allowable stresses were calculated for each 
member. T:he maximum allowable stress for axial compression (Fa) 
and for flexure (Fb), taken individually, is 80% of 207 MPa, or 165 
MPa. A review of Table 3 indicates that due to relatively low 
. 
slenderness ratios, allowable stresses for axial compression and 
• 
,.'.1.:..,; .. - \' I• _,' . _._·., I • ~ ',~ .• .• \, .... '\ JI, •• ;,', ""'-· ' ._.,..,._ .( ~'' .. , .. ," ;· , .• _ .7' ·'.,,-. ~.,. ',It'"°'•,. ' . ...,. 
14 
, 
/ 
. '~1 ~ . 
• 
I 
j 
f.o r compression due to bend i ng about.. the v er t i ca 1 axis are near 1 y 
equal. Furthermore, because the majority of the ~tress in the 
member is due to axial loads, allowable stresses for axial 
compression were used as the upper limit in the program. A 
conservative answer will generally result. 
Table 8 shows results of the TCBUC analysis with the structure 
.. 
loaded with the Series 1819 locomotive. Axial stresses are 
' 
calculated with plane truss influence lines. Therefore, any 
increase in stress is due solely .to the inclusion of the flexural 
stresses. 
The governing top chord rating provided by the TCBUC program 
is E-77 and the governing member is U3U4. Ratings for all members 
by the TCBUC method are presented in Table 9. 
(4) Vehicle Rating 
With the Khor Mog Bridge top chord rating completed, the rail 
vehicles likely to use the structure were analyzed and assigned 
equivalent Cooper ratings. An analysis was performed to determine 
' 
the approximate Cooper E loading that would produce stresses in the 
top chords equal to those produced by the subject vehicles for this 
span. To properly determine the Cooper E loading that results in" 
an equal sum of axial and flexural ·stresses in the top chord is a 
> • ·... -.. • " 
,· two-step., ·process ·with·· ther :·TcBUC p·rogram. First . the .... sti::u-cture:. is 
15 
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analyzed with the· subject live load applied, and the maximum stress 
is calculated. This stress is then entered as the allowable stress 
• 
and the top chord is rated with the result given as an equivale~t 
Cooper E load producing the same maximum stress as tl1e subject 
train. Analysis by this method results in a rating of the Series 
1819 locomotive- set of E-29. 
The usual procedure for rating vehicles f or,simple span 
', 
structures is to proportion the Cooper E load maximum simple span 
moments to those of the subject vehicle. A computer program was 
developed to perform this calculation with one basic refinement. 
Spacing of load points are specified to account for loading a 
girder or truss through evef!Y-spaced floorbeams. Increasing the 
number of· floorbeams produces results approaching those obtained by 
\j 
a basic simple~beam analysis. All vehicles likely to use the 
lits 
structure were rated with this program a~d the ratings a·ppear in 
/---~------ - J 
r--- ~/ -
Table 10. Note that by this method, the Series 1819 locomotive is 
rated at E-32, which is approximately 10% greater than the rating 
th~t also considers top chord flexural stresses. This difference . 
cannot be predicted, since a relationship cannot be made cognecting 
varying axle spacing with the magnitude of lateral bending 
stresses. Nevertheless, all locomotives and freight and passenger 
cars cuH\ently using the, Khor Mog Bridge rate considerably lower 
I -
than the bridge capacity as determined by any of three methods of 
analysis e .. When vehi'cles rate SO. low in I comparison to the 'str,µc~ure' 
rating,·a more detailed analysis is unwarranted • 
.... 
16 
' 
" 
' .• '. ..,,,,., .. _.,,. •,'t.- .... • • ( ·- ~ ,, • • 
..... 
; ...... -'"\" ··- .• ' ' . ·' ·,f '·. ' •.. 
. ' 
(5) Summary 
A review of the top chord rating by _three different methods is 
presented in Table 11. As expected, the plane truss and p~ane 
frame analyses produce very similar results with the plane truss 
--, 
ratings ---slightly lower. However, the considerably· lower ta tings 
produced by the TCBUC program are thought to be a more realistic 
assessment of the structure's capacity. ' "' . 
It is generally desired that a railroad structure would be 
rated at a minimum of E-80. One member of the top chord, at E-77, 
does not meet this limit. Because vehicles using the structure 
rate much lower than E-77, no corrective action is recommended to 
increase the top chord rating. 
Should locomotive sets with ratings approaching E-77 be put in 
service on the Sudan Railways, further studies will have to be 
conducted on the Railway's half through-truss brjdges. Each 
structure must be analyzed for each type of vehicle to determine 
its effect on producing lateral bending stresses. 
(6) Strengthening 
Al though strengthening the structure - -·, was found to be 
unnecessary at this -time, consideration must be given to the time 
when a vehicle m?.y rate in excess of the governing top chord 
. (' 
\ 
.. · .. 
,,-
I\ 
. . 
(4) 
by the authors of the LATBUK computer program. While further 
analysis of the structu~e may produce a strengthening scheme 
meeting top ch~rd rating requirements, the reconstruction may alter 
the behavior of the hangers. This may necessitate further fatigue 
analysis of Che affected members. 
, 
In a situation where the vehicle 
' 
rating is not greatly above the top chord rating, imposing a modest 
speed restriction may prove to be most economical. When the 
"' 
vehicle rates much higher than the top ch'drd, it will most probably 
surpass the ratings of other bridge members, dictating the need to 
replace the structure. 
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. · 3. LATERAL BENDING STRESSES 
3.1 METHOD OF ANALYSIS 
Bleich had solved the problem of determining the stability of 
a beam-column with ' varying sectional properties subjected to 
varying axial loads and having discrete elastic supports at random 
. 
spacings. P. Csagoly, B. Bakht and A. Ma of the Ontario Ministry 
of Transportation and Communications modified the method to make it 
\ --
a pp l i c ~l_e to the solution for axial and lateral bending stresses 
in the top chords of a half through-truss. (B) 
The method considers the effect of deformation of the loaded 
floorbeams on the lateral displacement of the top chord. Figure 8 
shows how the placement of wheel loads on the f loorbeam tends to 
draw the top chord inward at its panel points. The initial 
displacement is dependent on the stiffness of the f loorbeams and 
' 
the length of the verticals. f1'gure 9 shows the lateral deflection 
9 
.,~,,~,.._._.~., 
.,.. 
of a top chord panel point under a point load on a floorbeam. In a 
t 
variation from the Ontario program, this general equation was used 
for each wheel in order to produce the effect of one or two tracks 
or lanes of loading at any location across the deck. 
, 
Tne Ontario program was transcribed and enhanced to determine 
the magnitude of second order stresses in the half through-t~ru~s 
,. 
, 
top chord 'membe'ts ~· Although-the main body of the program was.used 
. . 
- I 
.,, ., 
. ·-~ 
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with no significant changes, pre- and post-processing routjnes were 
written to allow more flexibility in its use. New pre-processing 
routines allow more flexible loading, including the abiltty to 
enter any combination of axle loading and spacing or to s~ecify the 
built in Cooper E-80 loading. In addition, a routine is included 
to calculate impact factors based on either AREA or AASHTO 
specifications. One or two tracks or lanes may be loaded. Another 
routine determines the vehicle location to produce maximum stresses 
in top chord members. 
The program may be used to calculate maximum stresses in top 
chord members from a given load or will determine ratings based on 
a specified vehicle end maximum stress. When used in the rating 
mode, the live load is adjusted iteratively until the total dead 
load and live load plus impact stresses ~qual the member allowable 
I 
stress. 
3.2 VERIFICATION OF TCBUC PROGRAM 
To ascertain the accuracy of the TCBUC program, input was 
created for the Exeter Bridge. This structure was tested in the 
original Ontario Ministry of Transportation and Communications 
Report (Ontario Report) describing their LATBUK program. Figure 10 , 
shows a two-dimensional model of the Exeter Bridge. 
"' ..,. 
_., 
2-0 
I 
pU. 
, 
• 
, 
If 
• 
' With the s t r u ct u re 1 o ad e d to · s i mu 1 ate the Ont a r i o Report ' s 
• 
loading, final deflections (Table 12) and stresses were obt,ained 
~- ~ 
that agreed with those reported by Ontario. 
TCBUC Program was established. 
3.3 ANALYSIS AND RATING OF THE TEST BRIDGE 
Confidence in the 
The Exeter Bridge was then analyzed to determine the effects 
of secondary s t _res s es on q. highway ha 1 f through - t r us s s t r u c tu re • 
The bridge top chord was rated in accordance with standard practice 
and the American Association of Sta·te Highway and Transportation 
Officials Specification ( AASH1'0). Allowable stresses were 
determined based on inventory stresses, defined as the level of 
stress to which the member can be loaded indefinitely without 
causing damage to it. Impact was calculated within a preprocessing 
routine in accordance with the AASHTO formula: 
I = 50 
125+-S 
where Sis the full truss span length of 15:24 m converted to 50.0 
feet for use in the equation. 
,,-. - --· 1........ 
The structure was first loaded with thE{. standard AASHTO H-20 
truck load (Figure 11). 
~ 
The total of d·ead, live,· and impact 
stresses are ~ompared directly to .the maximum allowab.le stresses. 
Only one laqe of loading was used since the clear deck width 
,: measures less than 4. 5 m, and AASHTO specifies a min~rnu~. d.eck widtj~t'Z!&~~~~-. 
2-1 
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.. 
I, 
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, 
of 6.096 m (20 ft.) for two lanes 'of loading. The truck was 
positioned as near one truss as possible so as to maximize stresses 
in that truss. 
Allowable inventory stresses for the Exeter Bridge top chord 
members were derived from equations in the AASHTO Manual for 
Maintenance Inspection or~ridges. 
' 
For the compression members 
that make up the top chord, with a steel yield strength of 207 MPa, 
the governing allowable stress for axial compression is 85. 9 MPa 
and for compression due to bending is 102 MPa. 
A pl~ne truss analysis under H-20 loading resulted in the top 
chord axial stresses shown in Table 13. Also shown in Table 13 are 
the maximum total top chord stresses due to H-20 loading as derived 
by the TCBUC program. The effect of the lateral bending stresses 
in the Exeter Bridge top chord under standard highway loading is 
made obvious in this table. Flexural stresses account for up to 
29% of the applied live load. Further analysis produced a top 
chord rating of H-24 by the plane truss method and H-18 by the 
TCBUC program. 
Phe Exeter Bridge was analyzed with AASHTO live loads of H-5, 
-H-10, H-15 and H-20 and H-25 to determine a relationship between 
increasing live-loading and the resulting stresses. The increase 
; 
in a-xfa·l c''st·re-s,s' -, i"S ·;· ,·of .. ,·,,c:ourse ,: · ,~li,near. · , Howe,ve-r:,,:0 ···the ··-Fela·t·.i:enship -- .,.. , . : - ... 
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• 
between live loading and flexural stresses is .not linear. Refer to 
Table 14 and corresponding Figure 12 for a record of this study. 
While it is clear that the increase in flexural stresses is 
not linear, it is very nearly so. Noting the relatively small 
contribution of the lateral bendiDg stresses, as shown in Table 14, 
it becomes obvious that using those total stresses obtained for 
H-20 loading proportioned to reach the code allowable stress, as is 
typical for linear problems, results in a very small error. 
A similar study was conducted for the Khor Mog Bridge. Live 
loading consisted of the standard Cooper E loading beginning with 
E...:S and progressing as a multiple of E-5 to E-55. Table 15 and 
corresponding Figure 13 show the results of this study. 
3.4 RELATIVE MAGNITUDE OF SECONDARY STRESSES 
For the railroad bridge, the contribution of the flexural 
stress is small compared to the axial stress in the member. While 
the magnitude of the flexural stresses is shown in Figure 13 to 
" 
increase exponentially with higher loadings, the total stress is 
found to be relatively unaffected. As with the highway structure, 
the total stresses can be assumed to vary linearly with increasing 
loading and very small errors can be expected • 
... . . . . ·. . . . 
.
. 
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.axial and f~exural stresses to be determined for one vehicle, 
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.• 
either theoretically or by field testing, and then approximated for 
other vehicles of very similar axle spacing and proper proportion 
of axle weights. 
3.5 INITIAL DEFLECTIONS 
A parametric study was ~onducted on the Exeter Bridge to study 
the importance of specifying the initial deflection of the top 
chord panel points. The top chord analysis and rating was 
conducted with initial deflections equal to those used in the 
original report. Figure 14 shows the initial deflections used in 
the Ontario Report and algo shows the final deflection of each 
panel point under full load • The full load condition is taken as 
. 
the AASHTO H-20 load positioned so that the majority of top chord 
members experience their maximum stress. This load position 
generally corresponds to the position that would result 1n the 
maximum stress in a simply supported girder with a span length 
equal to the center-to-center of bearings for the truss. 
To determine the effect of varying the initial deflection, 
several analyses were made with the initial deflection as the only 
variable. The initial deflection, as used in the program is the 
original out-of-alignment built into the truss top chord and is 
measured prior to imposing the dead load of the floorbeams on the 
trusses • This procedure is probab"ly most useful as a tool· during 
construe t i·on since once· · the· -s t-ructure has ·~·-·be~R-·= 0 ··Completed ,,.·c-a. 
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measurement can only be made of the sum of initial deflection and 
the deflection due to dead load. 
Two dead load runs were made· proving the initial deflection 
has no effect on the final positidn under dead load alone. Figure 
14 shows model Ex-1 with the initial defl~ction as specified in the 
Ontario <:Report. Presented with the initial built-in deflection are 
.. 
r' 
the final deflections under full dead J oad and the corresponding 
deflections attributed to deformation of the portal frames. Figure 
15 presents the same information for model EX-2 with zero initial 
deflection at all panel points. Comparison of Figures 14 and 15 
shows no change in the relative panel point deflections under full 
dead load. More important than the final deflections are the final 
stresses. With such insignificant deflections under dead load, a 
constant value of only 0.076 mm was found at each panel point, no 
measurable flexural stresses were calculated for the dead load 
condition. 
Adding live load to the structure produced little change in 
the ·results. Results of loading model EX-1 with the AASHTO H-20 
vehicle are· shown in Figure 14. Final total stresses for this 
loading on model EX-1 are presented in Table 13. Model EX-2 was 
also loaded with the AASHTO H-20 veh\cle and the deflection summary 
is shown in Fi~ure 15. As with the dead load analysis, 
initial deflection. 
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• In an attempt to encourage greater deflection of the panel'"(., 
points under live load, a third model, EX-3 was developed with 
initial deflection used to mold the top chord into its eventual 
final shape. Figure. 16 shows the results of the model EX-3 
analysis. Still there is no change in the relative movement of the 
panel points under live load. Live load axial and flexural 
stresses are identical to those reported for t-1odel EX-1. 
Therefore, for this highway bridge under full standard live load no 
effect ori. top chord stresses could be attributed to the initial 
deflections in the top chord. 
I 
3.6 IMPORTANCE OF HALF THROUGH-TRUSS ·~NALYSIS 
The importance of establishing an acceptable means of 
analyzing half through-truss bridges goes beyond the rating of the 
i 
Khor Mog, Bridge. Nearly 100 bridges of similar design were 
constructed throughout the Sudan Railway System.{ 9 ) In North 
America it is estimated that several thousand half through-truss 
b "d · 11 · 1 d h" h ff· (B) r1 ges st1 carry ra1 an 1g way tra 1c • 
-
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3.7 CODE REQUIREMENTS FOR SECONDARY STRESSES 
··, 
Secondary stresses are generally not included in the analysis, 
of trusses. In fact, the American Railway Engineering Association 
Manual States: -
"Secondary stresses due to truss distortion usually 
need not be considered in any member the width of 
which, measured parallel to the plane of distortion, 
is less than 1/10 of its-length. Where the secondary 
stress exceeds 4,000 psi [27.6 MPa] for tension 
members and 3000 psi [20. 7 MPa] for compression 
members, the excess shall be treated as primary 
stress. II 
IJ 
Table 16 lists the width-to-length ratios for each top chord 
member, showing that considering an analysis including secondary 
stresses in these members is unwarranted. Further review of Table 
/ 
8 shows that under the maximum expected loading, the Series 1819 
. locomotive, no member experiences secondary. stress greater than 
20.7 MPa. In fact, no compression member experi·ences flexural 
stresses greater thafr 11.6 MPa. 
However, without conducting this analysis the magnitude of the 
secondary stresses are"unknown. In addition, it is not possible to 
.. 
apply one load to the structure and calculate secondary bending 
stresses under oth~r loads by linear proportioning. 
·ttaving completed the analysis of the Khor Mog Railroad Bridge, 
·it becomes clear that the heavy sections used to support rail 
loading, ·pa~ticularly the floorbeams, cont-ribute to limit the 
~esul ti.n.g secondary stresses. 
.... ·-···· "': : 
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highway structure, was then conducted to determine if secondary 
stresses were more prevalent in the lighter structure • 
• The American Association of State Highway and Transportation 
Officials requirements are identical to the previously quoted AREA 
standard. Width-to-length ratios for the Exeter Bridge top chord 
~ 
members are given in Table 17. Table 17 lis~s secondary stresses 
due to bending under AASHTO H-20 loading. The width-to-length 
ratio for member LOUl is calculated at only 0.07, however, the 
analysis shows that secondary stresses in this member are 
negligible. Maximum secondary stresses in the other members, at 
only 11.6 MPa, are well under the 20.7 MPa lower limit. 
As with the railroad bridge, the highway bridge analysis is 
not required by code to inc,lude evaluation of secondary stresses in 
the compression members • 
• • 
I . 
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4. CONCLUSIONS 
Several methods of analyzing the top chord of a half through-
truss on the Sudan Railway were studied. Although the plane truss 
and pl~ne frame methods predict axial stresses within an acceptable 
degree of accuracy, they completely ignore the lateral hending 
stresses • The analyses by the TCBUC program provide axial and 
bending stresses thought to more closely represent actual 
conditions. 
With the TCBUC program, the top chord of the Khor Mag Bridge 
is rated at E-77. This compares to a maximum rating of E-32 for 
locomotives currently in use on the Sudan Railways. With the 
/ 
favorable top chord rating, relative to the vehicle ratings, no 
strengthening is required. 
For the rfilway structure, which is constructed of relatively 
heavy sectio;, top chord lateral bending stresses under service 
loads were found to be small compar-ed to axial stresses. A 
preliminary plane truss analysis of other railroad half 
thro~gh-truss bridges may prove that a more detailed analysis to 
derive lateral buckling stresses is not necessary. 
'"' 
Lateral bending stresses were found to increase nearly 
·····--·~· 
....... ,.a.GK• .. ;,...;-.,,~; .. ~-~.:· •• tr, -- .. • . • ,_ 
line~rly with increasing live load. Should the railway choose to 
~
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use heavier locomotives with axle sp-acing and axle weight 
distribution similar to the Series 1819 locomotive, live load axial 
and flexural stresses may be approximated by direct ratio of the 
stresses reported herein. Approximate vehicle ratings may be 
determined the same way. 
Finally, in future field studies of half through-truss 
bridges, it is recommended that more strain gauges be placed on the 
top chord members. Furthermore, care should be taken to place the 
gauges so that the full effect of the lateral bending stresses is 
recorded. 
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TABLE 1 : SKCI'I.ON PROPERTIES - Kll)R K>G ™ 
MFMBERS 
u1u2 
Top Chords u2u3 
U3U4 
U4U4 
LOLI 
LlL2 
Bottom 1213 
Chords L3L4 
L4L4 
LOUl 
Ul12 . 
Diagonals U213 
U3L4 
U4L3 
U4L4 
UlLl 
Verticals U2L2 
U3L3 
U4L4 
Bracing 
After 1960 
... Floor Beams 
Stringers ) 
,, 
2 AREA (cm) 
216.13 
264.52 
282.26 
282.26 
174.19 
174.19 
174.19 
245.16 
245.16 
179.65 
106.45 
88.71 
70.97 
41. 51 
41.51 
92.66 
102.23 
92.66 
92.66 
14.83 
12.45 
20.97 
132.97 
r, 
\ 
; 31 
4 I (cm ) 
X 
X 102 
811.31 
875.89 
922.06 
922.06 
607.07 
607.07 
607.07 
791.74 
791.74 
243.30 
82.41 
47.68 
12.81 
131.40 
151.82 
131.40 
131~40 
1.13 
0.97 
1.50 
661.58. 
• 
4 I (cm ) y 
X 102 
413.88 
502.57 
528.10 
528.10. 
211.01 
211.01 
211. 01 
262.46 
262.46 
83.13 
0.14 
0.11 
0.10 
15.50 
29.26 
15.50 
15.50 
0.77 
0.66 
1.50 
103.-64 
· 14. 84 
\ 
TABLE 2: RKOORD OF TEST TRAIN RIJNS 
., _ .... -· 
A 
•••• ..... J •.. .... 
- -{' ; .• '/J.; • •• . '• • ;- • ·~ •• ··' -
2/2/81 
2/2/81 
2/2/81 
2/2/81 
2/2/81 
2/2181 
2/2/81 
2/2/81 
2/2/81 
2/2/81 
2/2/81 
2/2/81 
) 
t, 
TEST NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
VELOClTY 
15 Kph 
15 kph 
15 kph 
15 kph 
. 
15 kph 
15 kph 
15 kph 
15 kph 
15 kph 
45 kph 
45 kph 
0 kph (_static) 
.. 
, . 
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DIRECTION 
South 
North 
South 
North 
South 
South 
North 
South 
North 
South 
North 
Dead Weight 
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TABLE 3: AIJ111ABLB STRESSES IN 111E Kll>R. KlG ~ 
BY AREA SPECIFICATIONS 
LOUl 
--
u1u2 
u2u3 
u3u4 
U4U4 
lMPa = 0.145 ksi 
SLENDERNESS 
RATIO 
53.7 
26.4 
26.5 
26.8 
26.8 
' /l 
*Bending about the vertical axis 
.. 
ALL<1iABLE S11<ESSES [HPa] 
AllAL FLEXURAL* 
150 157 
165 163 
165 163 
165 163 
165 163 
<' ' 
. ,.•·, .. . tl~ ....... 
33 
, 
~ ~"- . ~ ... ,.. - ......... -.. _.-,:, · . 
• 
\ 
\ 
I 
' 
• 
• 
• • 
•' 
LOUl 
u1u2 
u2u3 
U3U4 
U4U4 
TARI.E 4: lClllR ll>G TOP (3)RI) STRRSSF.S UNDER SERIES 1819 
LOCXHJTIVE LOADING, PLANE TRUSS ANALYSIS 
DEAD 
LQAD 
10.5 
11. 2 
11. 9 
13.2 
13.9 
LIVE 
WAD 
33.7 
34.5 
35.6 
4D. 3 
41.5 
MAXIKIII STRESSES [NPA] 
IMPACT TOTAL ALLCMABLE 
10. 1 54.3 150 
10.4 56.1 165 
10.7 58.2 165 
12.1 65.6 165 
12.5 . 67.9 '165 
1 MPa = 0.140 ksi 
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LOUl 
u1u2 
u2u3 
u3u4 
U4D·4 
·, 
., 
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TABLE 5: Kll>R 1EG TOP <JIORD StRESSES AND RATING BASED <* 
CXX>PKR E-10 LOADING, PLANE TRUSS ANALYSIS 
STR~ES [HPA]~ 
DEAD LIVE 
LOAD LOAD IMPACT ALIDWABLE RATING 
10.5 11. 4 3 4 . , 150 
.- ---
E94 
11.2 12.0 3.6 165 E98 . 
11.9 12.5 3.7 165 E94 
13.2 13.6 4.1 165 E85 
13.9 13.8 4.1 165 E84 
1 MPa = 0.145 ksi 
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LOUl 
u1u2 
u2u3 
U3U4 
U4U4 
TABLE 6: KIIJll tl>G TOP al>RD S11«~ UNDFJl SERIFS 1819 
LOCXHYl'IYE WADING, PLANE FRAME ANALYSIS 
DEAD 
LOAD 
10.4 
11.1 
11.7 
11.7 
12.5 
• 
LIVE 
LOAD 
31.9 
31.9 
33.4 
34.3 
36.7 
MAXIMlll S1KRSSES [MPA] 
IMPACT ALLOWABLE 
9.6 51.9 150 
9.6 52.6 165 
10.0 55.l 165 
10.3 56.3 165 
11. 0 60.2 165 
1 MPa = 0.145 ksi 
....... - ~ ' •\ , .... '.... ,. ' .-,, ' . . .. . .. ,· _., . .. , , .. ' . ,•,, ... ',,.,,.. - ...... _.,__.,, .. 
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A 
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" 
LOUl 
u1u2 
u2u3 
JJ3U4 
\ 
lu4u4 
TABLE 7: l(Jl)R K>G 10P <llORD ~KS AND RATING BASED ON 
OOOPER E-10 WADING, PLANE FRAME ANALYSIS 
DEAD 
LOAD 
10.4 
11. 1 
11.7 
11.7 
12. 5. 
LIVE 
WAD 
11.2 
11.4 
12.1 
12.0 
12.5 
... 
STRF.S~ [MPA] 
IMPACT 
3.4 
3.4 
3.6 
3.6 
3.8 
ALLOWABLE RATING 
150 E95 
165 El04 
165 E97 
165 E98 
165 E93 
l MPa = 0.145 ksi 
.. . -· ' .... - ........ ,.. •. - . 
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TABLE 8: ICIIOR. }Ix; BRIDGE TOP CJIOIID SIRF.55~ UNDER SERIFS 
1819 UXXM7I'IVE LOADING, TC80C ANALYSIS 
LOUl 
u1u2 
u2u3 
U3U4 
U4U4 
DEAD 
U>AD* 
10.5 
11.2 
11.9 
13.2 
13.9 
1 MPa = 0.145 ksi 
* NO FLEXURAL STRESSES 
**IMPACT = 30% LIVE LOAD 
STRESSES [MPA] 
LIVE IMPACl*A 
-(- AXIAL FLEXURAL 
54.4 
58.2 
57.7 
63. 6 
66.5 
' .
' '\ 
./ 
., 
0.1 
11.6 
8.4 
6.5 
3.0 
38 
65.0 
81.0 
78.0 
83.3 
83.4 
. 
"'to 't'"'"'; -·,~ •,'.,<'•-• ""f .... ''''" '•••••/•f • •f· ..... t~ - • ··:' •-..: ""\'.,'.·qr(.l',g,., ..... ..i. ,,, ,•~·- :,.1•":-""•~···,, ~, • ,~-,._114:',•·0 4· .":1.c.; .. •;.. ·,u 
. , ·-:_-~-/>< :.-.~..- •• ~ '.,f .J.,". · ... ·,•,,, ...... 
,, 
TABLE 9: Kll)lt tKx; BRIDGE TOP CB>KD RATING ~ <B 
<XX>PKR E LOAD~, TCBOC ANALYSIS 
STRESSES [HPa] 
DEAD LIVE LOAD + IMPACI** 
I.DAD AXIAL FLEXDRAL ALI,(lJABLE RATING 
L0u1 10.5 138.4 
u1u2 11.2 140.0 
u2u3 11.9 140.2 
U3U4 13.2 133.7 
U4U4 13.9 144.2 
l MPa = 0.145 ksi 
' \ 
* NO FLEXURAL STRESSES 
**IMPACT + 30% LIVE LOAD' 
. -~ 
. • ~ .. : ,,.. ... '· '"'"·''~' l"-···· •: .,•(.O 1., ... . • . ... , ... ~.. • ' •• ·--'\.. "·-. • •• · ....... _ ~' "···-·. ·'. 
-
~· 
1. 1 
13. 9 
13.0 
18.1 
6.9 
-
39 
150 93 
165 88 
165 86 
165 77 
165 80 
··--·· -·~--.. • . ··. ·'·· ..... -- .. -~ .... 
.. 
/ 
"·'' 
.. '. 
LENGTH SPAN= 32.0 ·m 
NO. PANEL POI~S = 8 
. ,. ' . •. - .... 
' _,,, 
... 
I 
TABLE 10: RAIL VKHJCJ.R RATING FOR 
'IBE Kll>R l-llG BRIDGE 
1819 LOCCMOTIVE 
OIL TANK CAR 
FREIGHT CAR 
PASSENGER CAR 
I 
, 
\ 
E-32.5 
. 
E-25. l 
E-23.4 
E-6.0 
,--~-- <"'/ ......... ' ..... 1,11',., ';·,•Ji:-',.,.,, .. _ .... ~- .•••..•• ,. - ..... ,, .• . • . ··~·· ... '" ... ··-.. ---~····,,' 
,• 
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. . 
. '°:'I,".''' • -
. ··:''''•· 
.. ,.1'? . 
. I 
..• 
~· 
LOUl· 
UlU2 
U2U3 
U3U4 
U4U4 
.-~ TABLE 11 : SlllWtY OF ICIIOlt K>G BR.DX;E 
RAT!~ BY VARIOUS METHODS 
PLANE TRUSS 
E94 
E98 
E94 
E85 
E84 
.. . . ,· .. '., ... ,·., .. , 
RATING 
PLANE FR.AME 
E95 
El04 
E97 
E98 
E93 
41 . 
TCBUC 
El 15 
ElOl 
E93 
E76 
E79 
.. 
.. 
. ' 
' . 
. .. -~ ~ .. . -~~ .. - .: .. ,· 
(' .... ~ ,-·~,·., 
\ 
... -. 
.. 
• 
\ 
-~ 
TABLE 12: TOP al>RD DKFLECTI<R; BY LATBIJK 
PANEL 
POINT , 
l 
2 
3 
. 4 
5 
6 
7 
I 
l cm= 0.3937 in 
_J 
6.05 
5.16 
3.39 
0.94 
-1.72 
-4.99 
-9.10 
. ' 
....__ 
. J 
AND TCBOC ~
DKFLECTI<BS [ <JI] 
TCBUC 
5.99 
5.16 
3.40 
0.94 
-1.70 
-5.00 
-9.22 
42 
% DIFFERKNC>: 
' J 
I 
~- ·-.: •-', ·' '. ·, . 
. 1,, -~--): ... : .. ' 
1. 0 
0 
0.3 
0 
1.2 
0.2 
1. 3 
-:, 
. .,... .. •• "' • •,,.;d~, • 
.,.,,., 
' 
. 
...;~ . :. ,··,·/,n,(.11. -·-· ,.._ ·-. 1 •• ,. r'~_·t···:r~,(J,· ~.t:-• .r;.~:.-:':.;~;...,...~:-".i--~·-1•,f'. 
D 
.. 
..... ,·, .. , .... .. : . . ·~ .. 
• • 
LOUl 
-U 1 U2 
u2u3 
U3U4·~ 
DEAD 
LOAD 
23.3 
27.8 
27.8 
36.5 
TABLE 13: EXETER BRIOOE 10P <BlRD STRESSES 
UNDER AAS8TO H-20 UlADING 
.. 
19.4 
23.4 
23.4 
40.2 
S11HISSES [HPa] 
LIVE LOAD + IMPACT 
AXIAL 
FLEXDRAL SUB'IUTAL TCYrAL 
0.9 42.7 43.6 
9.7 51.2 58.6 
7.4 51.2 58.6 
7.9 76.7 84.6 
1 MPa = 0.145 ksi 
0 
,·,\ . . . 
.. 
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-.. 
''·" . 
• 
... 
.. 
~' ' 
AASBTO 
LOAD 
H-5 
H-10 
H-15 
H-20 
H-25 ·~ 
TABLE 14: S'tRKSSES IN KXKTEH. BRI.DCZ MEMBER 0304 
UNDER INCREASING LIVE LOADING 
LIVE LOAD+ IMPACT STRESSES [MPa] 
AXIAL 
10.1 
20.1 
30.1 
40.2 
50.3 
2.3 
4.2 
6.1 
7.9 
9.9 
12.4 
24.3 
36.2 
48.1 
60.2 
1 MPa = 0.145 ksi 
:I\. 
'•. \ 
••• j -,, t .... A~'·,~ 
' .. " 
. ~/ 
~. • •• ·\>< 
.. 
AREA 
LOAD 
E-5 
E-10 
E-15 
E-20 
E-25 
E-30 
E-35 
E-40 
E-45 
E-50 
E-55 
TARTE 15: S11CESSES IN Kll>lt K>G BltIDGE 
UNDER INCRFAC,ING LIVE LOADING 
LIVE LOAD + IMP.ACT S'rRKSSKS [MPa] 
AXIAL 
9.0 
17.9 
27.0 
35.9 
45.0 
53.9 
62.9 
71.9 
80.9 
89.9 
98.9 
0.34 
0.69 
1. 03 
1.38 
1.79 
2.14 
2.55 
2.96 
3.38 
3.79 
4.27 
9.3 
18.6 
28.0 
37.3 
46.8 
56.0 
65.5 
74.9 
84.3 
93.7 
103.2 
1 MPa = 0.145 ksi 
.. . 
- ... ~ ...... •~ ,._ .. , •,., 
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.. 
.. 
• 
LOUl 
u1u2 
u2u3 
U3U4 
U4US 
• 
TABLE 16: AREA. SECX>NDA.RY ~tk~ ~ TrDl1:111.o ~~ 
FOR mE Kll>R KX; BR.IIQ: 
• 
b/L 
0.11 
0.15 
0.15 
0.15 
0.15 
MAL SK(Dlf)ARY 
S'lkESSES (KPa] 
0.3 
11.6 
8.6 
6.5 
, 
3.0 
1 MPa = 0.145 ksi 
ii 
.. 
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LOUl 
u1u2 
u2u3 
U3U4 
'.: ·' 
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TABIE 17: ~ SE(X)NIWty 6-i1CKSS ----..-.a.al 
.. 
"•,' 
FOR 'IHE EXEtEk BllIDGE 
b/L 
0.07 
0.14 
0.14 
0.14 
.'} 
r 
' 
' 
. ........ ~~········~ ...... .,,.,,, .... '.: .... --....... ,., .. ,, .... -.,.., .... ,., .. _ ..... 
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MAL SEOONDAR.Y 
STRESSES [MPa] 
1. 0 
9.7 
7.4 
7.9 
- ' ~- . ~--•• -~-... ·~ : i~·, -( ....... ~.. --'· . • ~,11;- ~-- .-,,...,,. __ , r . 
" .. 
,: .. - ,: ... · ;.' .. "-": .... •~-.. ; 
,;, 
... 
l&trtPJt 
LOUl 
u1u2 
u2u3 
U3U4 
u4us 
UT& 16: A•t SBallDlat SiilSS IIQUiilZ&iS 
Pm t&I INW IIJC g1r.;g 
b/L (MPa) 
o. 11 0.3 
0.15 .. 11. 6 
0.15 8.6 
0.15 6.5 
0.15 3.0 
1 MPa - 0.145 ksi 
•· 
l 
I 
I 
i 
....... ·• ~· • JI, 
··--ii . . : ; "''·"""''"·"'~·: : ···.·,··::!'..,,, ... ~ .. ,;;...., ... ··:_~ .• 
•• •• . -- •. -~·, .. ·1. • 
' 
-;- .,: ,•~,7 ,.., .... , I',, , 
. ' -· ...... 
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" 
• 
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i .!. 
•• 
. - . . ..... -· .. ,_ 
TABlt 17: 
MAL SE<XIU)ARY 
b/L STRESSES [MPa]\ 
',~_) 
.I\ 
LOUl' 0.07 1. 0 
u1u2 0.14 
9.7 i ·1 
u2u3 0.14 7.4 ) \. - . . ',) 
~3U4 0.14 
7.9 
' 
' .-
,~,. . 
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